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Adsorption Isotherm Models Langmuir adsorption isotherm equation
Langmuir adsorption isotherm is used to predict the adsorption of dye molecules at specific homogeneous sites within the adsorbent and their monolayer-type of adsorption. S1-S4 In addition, this model is also used to calculate the maximum adsorption of adsorbent at various concentrations of dye molecules. Furthermore, from the regression coefficient (R 2 ) value the model suggests the favorable or unfavorable adsorption behavior from the linear graph obtained from the plot.
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( 1) where Ce and qe are the adsorbate concentration at equilibrium (mg L -1 ) and amount of My adsorption at equilibrium (mg g -1 ), respectively. KL (L g -1 ) and aL (L mg -1 ) are Langmuir constants.
Freundlich adsorption isotherm equation
Freundlich adsorption isotherm suggests the non-ideal sorption on heterogeneous surface and also used to predict the multi-layer adsorption behavior of the materials.
where Ce and qe are the adsorbate concentration at equilibrium (mg L -1 ) and amount of My adsorption at equilibrium (mg g -1 ), respectively. KF (mg g -1 (L mg -1 ) 1/n ) is the Freundlich constants and n is the adsorption intensity.
Temkin adsorption isotherm equation
Temkin model suggests the role and interaction of the adsorbing dye molecules with the adsorbent.
where qe is the amount of My adsorption at equilibrium (mg g -1 ). A is equilibrium binding constant (L g -1 ) and B is a constant related to the heat of adsorption (B = RT/b), where, R, T, and b are the universal gas constant (8.314 J mol -1 K -1 ), absolute temperature (K), and Temkin constant (J mol -1 ), respectively. A and B values can be obtained from slope and intercept of the graph of qe Vs lnCe.
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Adsorption kinetics study:
The kinetic study of an adsorbent is carried out generally by three type of models such as pseudo first-order, pseudo second-order, and intra-particle diffusion model because these models can give an idea about the chemical or physical adsorption behavior of the dye molecules by the adsorbent from their linear graph obtained from the pseudo first-order and the pseudo second-order models and their regression coefficient (R 2 ) values. The R 2 value that is close to 1 in the pseudo first-order model suggests that the physisorption occurs in the material, whereas if the R 2 value is close to 1, the chemisorption is favorable in the pseudo second-order model. Intra-particle diffusion model illustrates the diffusion of dye molecules in the adsorbent. The R 2 value that is close to 1 in this model suggests the excellent diffusion of the dye molecules. However, other factors may also play roles in the determination of ratelimiting steps in addition to the intra particle diffusion.
Pseudo first-order model
The pseudo first-order model is expressed by the Lagergren equation,
where qe and qt are the amount of dye molecules adsorbed on an adsorbent (mg g -1 ) at equilibrium and at time t, respectively, and K1 is the rate constant of the first order adsorption (min -1 ). The integration of eq. (5) with initial condition of qt = 0 at t = 0 gives the linear form of the equation.
By plotting a graph of log (qe-qt) vs t, the constant k1 value can be determined from the slope and intercept.
Pseudo-second-order model
The pseudo-second-order kinetic model can be expressed by the following equation.
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where k2 is the pseudo-second-order rate constant (g mg -1 min -1 ) and qe (mg g -1 ) can be obtained from the slope and intercept of t/qt vs t.
Intra-particle diffusion model:
The equation for intra-Particle diffusion model can be expressed as
where qt is the adsorption capacity at any time t and kid (mg g -1 min -1/2 ) is the intra-particle diffusion rate constant and C (mg g -1 ) is the intra-particle diffusion constant relating to the thickness of the boundary layer.
Thermodynamic study Thermodynamic study is used to investigate the effect of temperature on the adsorption of dye molecules by the adsorbent. This model is also used to predict the enthalpy (∆H°), entropy (∆S°) changes, and Gibbs free energy (ΔG°) values of the adsorbent by using the following equations.
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The enthalpy (∆H°), entropy (∆S°) change, and Gibbs free energy ((∆G°) values were first obtained from equations (9 and 10) to set the thermodynamic parameters,
∆G°= ∆H°− T∆S°
where Ke = (qe/qt) from the graph of log Ke vs 1/T, the (∆H°), entropy (∆S°) values are determined from the slope and intercept values. In addition, the activation energy (Ea) and sticking probability (S * ) were depicted from the following equation:
The value of Ө was calculated from the equation,
The Ea value is calculated from the slope of ln (1-Ө) vs. 1/T. The Ea values can indicate whether physisorption or chemisorption of the dye molecules by the adsorbent had occurred. Physisorption generally occurs when the Ea value is in the range of 5-40 kJ mol -1 , whereas chemisorption takes place when the Ea value is in the range of 40-800 kJ mol -1 . Figure S1 . Chemical structures of metanil yellow (My), methylene blue (Mb), and rhodamin b (Rb). 
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